Background: There is no consensus whether tobacco smoking increases risk of tuberculosis (TB) infection, disease, or mortality. Whether this is so has substantial implications for tobacco and TB control policies.
T
OBACCO SMOKING AND TUberculosis (TB) are 2 of the world's greatest public health problems, although TB is largely confined to developing countries. Tobacco-attributable deaths are projected to increase from 3 million in 1990 to 8.4 million in 2020. 1 After human immunodeficiency virus and AIDS, TB is the leading infectious cause of death and disease worldwide, responsible for about 1.7 million deaths each year. 2 One third of the world's population is infected with Mycobacterium tuberculosis, although the organism is contained by the immune system in most of these persons. Globally, an estimated 8.8 million individuals in 2003 developed active TB, and the incidence was increasing at 1% annually. 3 It has long been suggested that tobacco smoking may affect rates of TB morbidity and mortality. 4 This could be a result of increasing the risk of infection with TB mycobacteria, increasing the rate of active TB disease, or increasing the TB mortality rate; plausible mechanisms exist. 5 However, statistical relationships found in investigations may have been a result of confounding (eg, by alcohol use or by socioeconomic factors). 6 Establishing whether smoking interacts with events leading to TB morbidity and mortality would provide useful information for prevention policies for TB and smoking. This study systematically reviews the published literature on the relationship between smoking and TB infection, disease, and mortality and presents meta-analyses of the relationships. From a clinician's perspective, understanding the association between smoking and TB will facilitate educational and counseling interventions. , and National Library of Medicine Gateway) and the Cochrane Tobacco Addiction Group Trials Register were searched for published studies that included investigation of the relationship between smoking and TB infection, active pulmonary TB, or death due to TB. Variants of key words such as "tuberculosis," "smoking," and "tobacco smoke" were used. These yielded 3145 potentially relevant published articles between 1953 and 2005. Reference lists of articles identified were searched for additional relevant publications. We considered only articles in English, Chinese, Spanish, Portuguese, Italian, and German.
METHODS

SEARCH
CRITERIA FOR SELECTION
Two independent reviewers (L.C. and F.L.) first screened titles and abstracts of publications using broad eligibility criteria, yielding 220 potentially eligible publications. These were reduced to 24 eligible publications by application of the following final study inclusion criteria: (1) use of an epidemiologic study design to conduct a primary or secondary data analysis, (2) inclusion of at least 1 comparison group without TB and a group of nonsmokers or never smokers, (3) provision of a relative risk (RR) estimate for the association between TB (infection, disease, or mortality) and active tobacco smoking (ie, not passive smoking exposure) stratified by (or adjusted for) at least age and sex and a corresponding 95% confidence interval (CI) (or sufficient data to calculate this), and (4) confirmation of TB status (infection, pulmonary disease, or death) in 1 of the following ways: (a) for TB infection, a tuberculin skin test, (b) for TB disease, bacteriologic confirmation (positive sputum smears or culture) or notification, and (c) for TB mortality, death certificates or verbal autopsies.
Publications were excluded if they (1) described case series or case reports or were abstracts, editorials, or literature reviews, (2) reported only extrapulmonary TB or did not distinguish pulmonary from extrapulmonary TB disease, (3) reported studies that were conducted in special populations prone to high levels of smoking or high rates of TB (eliminating studies on patients with lung cancer, stone crushers or miners, persons with silicosis, and subjects with human immunodeficiency virus or AIDS [although no otherwise eligible studies in the latter category were found]), or (4) reported case-control studies in which the control population was not representative of the population generating the cases. When appropriate, authors were contacted to supply details missing from their publications.
DATA ANALYSIS
All analyses were performed using commercially available meta-analysis add-on programs (STATA version 8.0; StataCorp LP, College Station, Tex). 7 Forest plots were created for each outcome (TB infection, TB disease, and TB death), and summary effect estimates were calculated using the DerSimonian-Laird random-effects model, 8 usually regarded as more appropriate for meta-analysis of observational studies. 9 Heterogeneity across studies was assessed using the 2 test for homogeneity.
Subgroup analyses were used to explore sources of heterogeneity. Potential for publication bias was assessed using the Egger test and funnel plots. 10 
RESULTS
SELECTION OF ELIGIBLE PUBLICATIONS
The selected articles are listed in Table 1 . Except for 1 article in Chinese, 21 all were in English. Six publicationsdealtwithTBinfection,13with TB disease, and 5 with TB mortality. Figure 1 shows a forest plot for studies that examined TB infection. Four of 6 CIs excluded the null value. One study 15 from among 6 eligible studies [11] [12] [13] [14] 16 was not included in this meta-analysis (which includes 2 independent results from 1 study 11 ), because the RR estimates presented were for different numbers of cigarettes smoked per day. The smoking measure (exsmoker, current smoker, or ever smoker) is shown in parentheses following the first author name and publication year in Figure 1 . The summary estimate of the RR was 1.58 (95% CI, 1.23-2.02). However, there is evidence of heterogeneity (P = .005), particularly because of the precise RR estimate obtained by the large study by Adib et al 13 among prisoners in Lebanon. The Lebanon study used a minimum tuberculin skin test induration diameter of 8 mm for diagnosing TB infection, while all other investigations used 10 mm as the criterion. The smaller induration diameter may have led to misclassification of persons without TB infection as being infected. This, as well as the fact that the comparison group of nonsmokers likely to have included some ex-smokers, could account for the low RR estimate from this study. After excluding the Lebanon study, we obtained a summary RR estimate of 1.73 (95% CI, 1.46-2.04) with no evidence of heterogeneity (P = .71) among the remaining studies. Figure 2 shows a funnel plot of the RR estimates for the studies [11] [12] [13] [14] 16 against their standard errors. The P = .02 that was derived using the Egger test and the asymmetry of the distribution suggest potential for publication bias. When the Lebanon study 13 was excluded, the Egger test provided no evidence of heterogeneity (P = .82). However, tests of publication bias are not necessarily sensitive for small numbers of studies.
META-ANALYSIS
TB Infection
TB Disease
A meta-analysis combining the TB disease RR estimates for men and women across all studies produced a summary RR estimate of 2.27 (95% CI, 1.90-2.71) with appreciable evidence of heterogeneity (P = .002). However, in many of the countries represented in the analysis, women are less likely to be smokers than men. 34 Therefore, we excluded the RR estimates for women only, leaving estimates for men only and for men and women combined. The resulting forest plot is shown in 
. 7 5 ) w i t h l e s s e v i d e n c e o f heterogeneity (P = .04).
Because cross-sectional studies can include selection bias, as would be caused by the death of persons with TB, we performed the metaanalysis without the single crosssectional study. 17 The summary RR estimate decreased slightly to 2.29 (95% CI, 1.93-2.71) (P = .04 for heterogeneity). Data shown in Figure 3 suggest that, on average, the RRs may be lower for ex-smokers, which would be consistent with findings that many smoking-related RRs decline soon after smoking cessation. 35 For current smokers alone (men only or men and women combined), the summary RR estimate was 2.66 (95% CI, 2.15-3.28) (P = .48 for heterogeneity), a little higher than when ex-smokers and ever smokers were included.
All the study results selected for this meta-analysis were adjusted for age and sex. Some investigations adjusted their results for additional potential confounders. After excluding results for women only, the summary RR estimate for the 5 results that were not adjusted for other potential confounding factors was 2.35 (95% CI, 1.95-2.84) (P=.80 for heterogeneity). The corresponding summary estimate for the 12 results that adjusted for other confounding factors (in addition to age and sex) was 2.33 (95% CI, 1.81-3.01), although there was more evidence of heterogeneity (P =.01). Figure 4 shows a funnel plot that examines the likelihood of publication bias. It includes results for men only and for men and women combined, and seems symmetric. This and the Egger test value of P =.13 suggest that publication bias is not likely to be a problem in this analysis. Figure 5 shows a forest plot of the RR estimates from the 5 eligible studies. [29] [30] [31] [32] [33] There is a great deal of heterogeneity (P Ͻ.001), so the summary random-effects RR estimate of 2.15 (95% CI, 1.38-3.35) cannot be regarded as valid. Except for 2 investigations in India that used verbal autopsies to determine cause of death, 31 all studies relied on official death certificates. When the studies using verbal autopsies were excluded from the analysis, the RR estimate was reduced to 1.60 (95% CI, 1.31-1.95) still with strong evidence of heterogeneity (PϽ.001).
TB Mortality
When the 2 studies 29,30 from China were considered separately, the combined RR estimate was 1.26 (95% CI, 1.14-1.40) with no evidence of heterogeneity (P = .26). When the Indian studies 31, 33 were combined, the RR estimate was 3.81 (95% CI, 2.98-4.87); this was dominated by the results from the studies 31 that used verbal autopsies, and much heterogeneity remained (P=.001).
No useful summary RR estimates were obtained from the mortality investigations. Therefore, no assessment of publication bias was carried out for these studies.
Dose-Response Relationships
Dose-response data were available for 4 studies 12,14-16 of TB infection and for 3 studies 18, 19, 27 of TB disease. One study 12 included measures of smoking quantity and duration. The results are summarized in Table 2 . Several smoking exposure metrics were used, making it impractical to combine results across studies. Six of 8 exposure-response analyses found a positive trend with increasing level or duration of smoking.
COMMENT
Well-known risk factors for TB infection or disease include crowding, poor nutrition, alcoholism, race/ ethnicity, socioeconomic status, diabetes mellitus, and human immunodeficiency virus infection. Tobacco smoking is not widely considered a risk factor. A recent review 36 of environmental risk factors for TB did not mention tobacco smoking. However, a subsequent review article 37 identified smoking as a possible risk factor, although data were not combined across studies. Potentially, smoking is one of the most modifiable of exposures. In developing countries, where life expectancy is short, highlighting smoking as a risk factor for TB may have greater resonance than advertising its risks for cancer and cardiovascular disease.
Results of this meta-analysis suggest that smoking is associated with an RR of approximately 1.7 for TB infection and an RR of 2.3 to 2.7 for TB disease. The corresponding association with TB mortality is less clear because of heterogeneity in results across studies.
The RR estimates for TB infection, disease, and mortality are not independent. If smoking increases the risk of infection, this will increase the proportion of smokers who are infected and are at risk of TB disease. In turn, if smoking increases the risk of TB disease in those already infected, this will increase the proportion of smokers at risk of TB mortality. Therefore, the independent RR for TB disease can be estimated by dividing the studyderived RR for TB disease (2.3-2.7) by the RR for TB infection (1.7). This gives an estimated RR for development of TB disease in an infected population of 1.4 to 1.6. The most accurate estimate of this risk would come from a study of new TB disease occurrence in an infected population. To our knowledge, such a study has not been published.
The RR estimates for TB mortality were heterogeneous. However, for the investigations that based their cause-of-death assignments on death certificates, the summary RR was 1.60 (95% CI, 1.31-1.95). Because this is less than the estimated RR range for TB disease and smoking (2.3-2.7), it suggests that there is no additional contribution to TB mortality risk from smoking in a population with TB respiratory disease. However, 2 investigations that used verbal autopsies obtained RRs of 4.5 (95% CI, 4.0-5.0) and 4.2 (95% CI, 3.7-4.8) among urban and rural male Indian populations, respectively. 31 These results suggest that the true mortality RR for smoking among patients with TB pulmonary disease is 1.6 to 2.0. This is not unreasonable because causes of death on death certificates are often unreliable, and verbal autopsies have been shown in some populations to give more com- plete data on cause of death. 38, 39 However, further studies in more countries are needed for a definitive conclusion about the relationship between TB mortality and smoking. A study examining mortality among a population with TB disease, smokers and nonsmokers, would provide the most valid results.
It is biologically plausible that smoking could increase risks for TB infection and TB disease. Suggested mechanisms include decreased immune response, CD4 lymphopenia, defects in macrophage immune responses, and mechanical disruption of cilia function in the airways. 5 However, before drawing any firm conclusions, it is important to consider whether selection bias, information bias, or confounding could have accounted for our results.
The most likely form of selection bias in the eligible studies is from control selection in the casecontrol studies. We excluded studies in which the populations generating the cases and controls were obviously different. However, we cannot be certain that no control selection problems arose. Some investigations of TB disease used hospital and clinic control subjects, although they excluded patients with smoking-related disease. Nevertheless, it is possible that there was still some tendency for the controls to more likely be smokers than their base populations. If so, the direction of the bias would be toward the null and could not account for our results.
Misclassification of smoking behavior is a potential problem. 40 As reflected in the studies we considered, there are many ways to consider smoking, ranging from a simple classification of current or ever smoking status to more sophisticated measures of lifetime smoking by amount and duration. Overall, the misclassification is likely to be nondifferential and would probably bias the RR estimates toward the null.
Except for mortality, outcome misclassification is less likely in our review than exposure misclassification because outcome was based on the results of objective tests. However, some misclassification may have occurred in the results for infection status, particularly if positive results of tuberculin skin tests were caused by nontuberculous bacteria or by prior BCG vaccine. False-negative results can occur with recent TB infections in which tuberculin skin tests may have been performed before tuberculin conversion. It is unlikely that these factors would have substantially affected our results, and not consistently across countries and studies. Any resulting bias would be toward the null. The greatest opportunity for outcome misclassification may have occurred with the use of death certificates to record cause of death. There is a high rate of inaccuracy in recording of causes of death 41 and much variability in methods for identifying the principal cause of death from death certificates. 42 Again, the bias is likely to be toward the null.
Most difficult to quantify is the possibility of unadjusted confounding in the analyses. For example, alcohol consumption may have confounded the RR estimates for smoking and TB, as alcohol is more likely to be consumed by smokers, and findings from studies 43, 44 suggest that alcohol use is a risk factor for TB disease. Other investigators have suggested more generally that socioeconomic factors may be responsible for confounding. 5 The studies selected for this review had wide variation in the degree of possible confounding that was taken into account, although eligibility for this review required that age and sex were treated as confounders. The extent of further adjustment ranged from no additional confounders to extensive multivariate adjustment. Our comparison of results in which adjustment was only by age and sex with results that included additional adjustment factors produced similar summary RR estimates, suggesting that residual confounding is unlikely to account for the elevated risks found.
In conclusion, our results suggest that tobacco smoking interacts with M tuberculosis complex to the extent of promoting infection and disease. Data for TB mortality are too limited and heterogeneous for inferences to be confidently drawn.
The traditional approach to global TB control has focused on the diag- nosis and treatment of smearpositive TB cases under the DOTS strategy recommended by the World Health Organization in an attempt to interrupt transmission. 45 The DOTS program has achieved a modest decline in TB rates, but its success appears to have plateaued. 46 It is apparent that treating active disease is insufficient for populationbased TB control and that there is an urgent need to address prevention. 46 Although the new Stop TB Strategy 47 goes beyond the traditional paradigm by addressing issues in addition to DOTS expansion, it does not address populationbased preventive interventions. Potentially modifiable risk factors that lead to TB infection and disease, such as tobacco smoking, should be targeted using appropriate interventions. Clinicians and health care workers can use the information to better educate their patients about risks of smoking, especially in countries where TB and smoking rates are high. Moreover, if cigarette smoking is a risk factor for TB, it adds credibility to the hypothesis that high smoke exposures from biomass cooking fires may also be a risk factor. 20, [48] [49] [50] Finally, because smoking has not previously been considered a TB risk factor, acceptance that it is a risk factor will have implications for the assessment of global mortality from tobacco consumption. For illustrative purposes, we offer a simplified (but reasonable) estimate based on assumptions that the RR for TB disease associated with smoking is 2.5, that there is no additional mortality risk from smoking in those who already have TB disease, and that 30% of the at-risk population are smokers. Simple attributable proportion calculations suggest that 31% of TB cases and TB deaths are attributable to smoking. Because worldwide there are approximately 9 million new TB cases and 1.7 million TB deaths each year, this proportion equates to an annual global burden of 2.79 million new TB cases and 527 000 deaths. If smoking increases the mortality rate in those with TB, then the number of deaths would be even higher. Further studies comparing mortality rates in smoking and nonsmoking patients with TB disease could resolve this issue. Irrespective of this, it is clear that smoking prevention and cessation efforts should be a priority in any TB prevention program. Role of the Sponsor: None of the funders had any role in the design or conduct of the study or in the preparation of the manuscript.
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